The objective of the present study was to develop a functional crop that could contribute to the maintenance and improvement of human health by the introduction of the human lactoferrin (hLF) gene. Lactoferrin is an 80-kDa iron-binding glycoprotein that has been considered to play many biological roles, including the regulation of iron absorption, protection against microbial and virus infection, stimulation of the immune system and cellular growth promotion. We introduced two different constructs containing either the native signal peptide from human lactoferrin (pIG211) or the signal peptide from rice glutelin (pIG200) fused to mature human lactoferrin into Javanica rice cv. Rojolele by using the Agrobacterium-mediated transformation system. The expression of the hLF gene under the control of the maize ubiquitin-1 promoter was detected in all the tissues of the transgenic plants. We found that the transgenic rice plants IG200R produced a considerable amount of recombinant hLF (rhLF) in seeds, accounting for approximately 15% of the total soluble protein (TSP). RhLF was purified from mature seeds by cation-exchange chromatography. Amino acid sequencing confirmed that the N-terminal sequences of rhLF for both constructs were identical with those of native LF from human milk. Rice rhLF showed a slightly smaller molecular weight than the native hLF. Immunofluorescence microscopy revealed that rhLF was located in the intracellular and intercellular regions of endosperm cells. Protein extracts from transgenic rice seeds exhibited an antibacterial activity against Bacillus subtilis ATCC6633. The use of signal peptides and a constitutive ubiquitin-1 promoter for successful production of transgenic Javanica rice expressing a high level of rhLF was examined.
Introduction
As one of the most important food crops in the world, rice has received considerable attention in genetic engineering research. The application of biotechnology to rice has the potential to increase rice production and to improve nutrition quality. Improving the nutrition quality through plant biotechnology may be a sustainable strategy to combat nutrition deficiencies in the human population. Recently, the use of transgenic plants as protein factories has been developed as a cost-effective alternative for large-scale production.
Genetic engineering for improved nutrition quality and increased production of recombinant proteins in transgenic plants requires the development of a reliable method to express foreign proteins at specific subcellular localizations with effective post-translational processing. These contribute to protein stability and hence enable to determine the final yield. Proteins are targeted to the secretory pathway through the inclusion of an N-terminal signal peptide in the expression construct. The signal peptide was used for the transport of recombinant protein through the endoplasmic reticulum and targeted to the storage vacuoles in the endosperm (Philip et al. 2001 , Ma et al. 2003 . Studies have shown that recombinant protein expression can be enhanced by the use of a signal sequence/peptide (Christou 1996 , Horvath et al. 2000 .
Human milk proteins are considered to play many biological activities that are beneficial to the newborn infants, such as protection against infection. Lactoferrin (LF) is an 80-kDa iron-binding glycoprotein present at high concentrations (average 1-2 g/l) in human milk (Nandi et al. 2002) . It is a bioactive milk protein playing an important role in the immune system response and contributing to the protection of the body against infections (Brock et al. 2000) . In addition to the stimulation of the immune system, scientific studies have revealed that lactoferrin also prevents the growth of pathogens, exhibits antibacterial and antiviral properties, controls cell and tissue damage caused by oxidation, and Communicated by S. Nishimura Received October 7, 2004 . Accepted November 10, 2004 facilitates iron transport (Lönnerdal 2000 , Tomita et al. 2000 , Brock 2002 ). Moreover, it has been reported that lactoferrin is a protein contributing to the growth promotion of Bifidobacteria (Kim et al. 2004) .
Recombinant hLF is expressed in tobacco (Nicotiana tabacum L. cv. Bright Yellow) cell culture (Mitra and Zhang 1994) , tobacco plants (Salmon et al. 1998) and potato (Solanum tuberosum) plants (Chong and Langridge 2000) . Lactoferrin has also been expressed in rice obtained through the particle bombardment method (Anzai et al. 2000 , Nandi et al. 2002 . In the present study, we expressed recombinant hLF under the control of the constitutive maize ubiquitin-1 promoter in Javanica rice cv. Rojolele obtained by Agrobacterium-mediated transformation and compared its characteristics with those of native hLF. Rojolele is a famous Javanica rice cultivar that is commercially cultivated in Indonesia. It is high-quality rice that has long, slender grains, an intermediate amylose content, an intermediate gelatinization temperature, a high elongation ratio and is strongly aromatic (Graham 2002) . The constitutive maize ubiquitin-1 promoter controls the accumulation of rhLF in all the tissues of transgenic plants. Accumulation of rhLF in vegetative tissues may enhance disease resistance of plants. The expression of rhLF in rice seeds should provide a nutraceutical food that could contribute to the improvement of human health since rice is the staple food of almost half of the world population.
Materials and Methods

Plant expression vector and production of transgenic plants
An hLF structural gene cloned in a plant-expression vector pAFT105 (Anzai et al. 2000) was excised using BamHI and SacI. The isolated fragment was used to replace the gus (β-glucuronidase) coding region from pAFT14 that had been pre-digested with BamHI and SacI. The resulting plasmid was designated as pIG211. In the construct pIG200, the hLF signal peptide in pIG211 was replaced with the rice glutelin signal peptide. The hLF signal peptide is comprised of 19 amino acids [MKLVFLVLLFLGALGLCLA] and the rice glutelin signal peptide consists of 24 amino acids [MASINRPIVFFTVCLFLLCDGSLA] . The expression of the hLF gene was controlled by the constitutive maize ubiquitin-1 promoter and the nopaline synthase terminator. Hygromycin phosphotransferase (hpt) was used as a selectable marker gene. The schematic representation of the binary vectors pIG200 and pIG211 is given in Figure 1 . Javanica rice cv. Rojolele was used as target plant. Scutellum-derived calli from mature seeds were co-cultivated with A. tumefaciens strain EHA101 that carried either pIG200 or pIG211. Agrobacterium-mediated transformation was carried out as previously described (Rachmawati et al. 2004) . After co-cultivation, the infected calli were washed with sterile water containing 250 mg/l carbenicillin and transferred to a C-modified medium containing 250 mg/l carbenicillin and 50 mg/l hygromycin. Fresh, healthylooking hygromycin-resistant calli were then transferred to MS regeneration medium containing 2.0 mg/l of 6-BAP and 1.0 mg/l of NAA. The calli in the regeneration medium were incubated at 28°C under a photoperiod of 16 h light/8 h dark for two weeks and were then transferred to a fresh regeneration medium. Shoots of about 3-4 cm length were transferred to the MS rooting medium for root formation. Rooted plantlets were transferred to a 1/5000a Wagner's pot containing a mixture of soils and then grown to maturity to generate T 1 seeds in a phytotron. T 1 seeds were obtained after self-pollination of the T 0 plants.
Protein extraction and analysis
The transgenic calli, roots and leaves were ground in liquid nitrogen and the soluble proteins were extracted in an extraction buffer [50 mM Tris-HCl (pH 6.5), 1 mM EDTA, 100 mM NaCl, 0.1% Triton X-100]. The total protein concentration was estimated according to the Bradford method using bovine serum albumin as a standard protein (Protein Assay Rapid Kit). Individual T 1 seeds were cut into halves. The endospermic half was extracted with the above buffer and then subjected to rhLF expression analysis. The corresponding positive embryonic half was sterilized in 10% (v/v) of sodium hypochlorite (1% active chlorine) for 20 min and germinated for two weeks in MS medium containing hygromycin (50 mg/l) to determine the segregation pattern of the hygromycin resistance gene in the progeny. The hygromycinresistant seedlings were transferred to soil and grown to maturity in the phytotron to obtain T 2 seeds. The expression of rhLF was determined by enzyme-linked immunosorbent assay (ELISA) and western blot analysis. For western analysis, rabbit anti-hLF antiserum and goat anti-rabbit IgG Horseradish Peroxidase conjugated at 1 : 1000 dilution were used according to the method of Anzai et al. (1996) . Detection was performed using Konica immunostaining HRP-1000.
The expression levels of rhLF in the transgenic plants were quantified by ELISA according to the method described A, pIG200; and B, pIG211. RB, Right border; LB, Left border; PUbi, the maize ubiquitin-1 promoter; P35S, cauliflower mosaic virus 35S promoter; Gt: Glutelin signal peptide; hLF: human lactoferrin; hpt: hygromycin phosphotransferase.
by Salmon et al. (1998) . A 96-well microtiter plate was coated with 100 µl of rabbit anti-hLF at 4°C overnight. After the plate was equilibrated at room temperature for 1 h, the coating solution was removed and the plate was washed with PBS-T (8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl, 0.05% Tween-20). Then 200 µl of blocking solution (1% non-fat dry milk, 0.1% Tween-20, 0.05% Merthiolate in PBS) was added to the well. The plate was incubated at 4°C overnight and washed three times with PBS-T. Protein samples (100 µl) at appropriate dilutions and standard LF were prepared in the blocking solution and then added to the wells. The plate was incubated at 37°C for 1 h and washed with PBS-T. Immunodetection was performed at 37°C using rabbit anti-hLF antibody (Fab') and goat antirabbit IgG coupled to HRP. After three times washing with PBS-T, staining was initiated by adding 100 µl of substrate orthophenyldiamine dichloride (OPD) in 0.05 M PhosphateCitrate buffer and the plate was incubated at room temperature for 10 min. The reactions were stopped with 100 µl of 1 M H 2 SO 4 per well. The plates were read at 490 nm using a Wallac ARVO-SX 1420 Multilable Counter (PerkinElmer).
DNA isolation and Southern hybridization
Genomic DNA was isolated from mature leaves according to the method of Byeong-Ha Lee, University of Arizona (http://ag.arizona.edu/˜byeongha/protocols/totaldna.htm). For Southern blot analysis, 3 µg of genomic DNA was digested with BamHI restriction enzyme and size-fractionated by electrophoresis through a 0.8% agarose gel. Then the DNA in the agarose gel was transferred to a positively charged nylon membrane (Hybond TM -N + , Amersham Biosciences) in 10 × SSC [1.5 M NaCl, 0.1 M sodium citrate (pH 7.0)] by capillary blotting (Sambrook et al. 1989) . The probe for hLF was a 2.1 kb BamHI/SacI fragment from pAFT105 (Anzai et al. 2000) . The Gene Images AlkPhos Direct Labelling and Detection System (Amersham Biosciences) and chemiluminescent detection with CDP-star (Amersham Biosciences) were used to detect the transgenes.
Purification of rice rhLF and analysis
One gram of T 1 rice seeds was ground to a fine powder and extracted in 10 ml of extraction buffer [50 mM Tris-HCl (pH 6.5), 1 mM EDTA, 100 mM NaCl, 0.1% Triton X-100]. After centrifugation at 8,000 rpm for 30 min at 4°C, the supernatant was collected and filtered through a 0.22 µM Millex-GP Filter (Millipore). RhLF was purified from the saltsoluble protein extract of rice seeds by cation-exchange chromatography (ÄKTAprime, Amersham Biosciences) with a linear salt gradient from 0-1 M NaCl using RESOURCE TM S column (Amersham Biosciences). Subsequently, purified rhLF was subjected to N-terminal amino acid sequence analysis. Briefly, four micrograms of the purified rhLF were separated by 10% SDS-PAGE and electroblotted onto a 0.2 µm PVDF membrane (PVDF Fluorotrans R membrane, Nippon Genetics Co. Ltd, Japan). The blot was stained with Coomassie Brilliant Blue R-250 (BIORAD) for 1 h and immediately destained in 40% methanol until the rhLF band was clearly visible. The band containing rhLF was excised for N-terminal sequencing by the Edman degradation procedure using a PPSQ-21 protein sequencer (Shimadzu). The molecular weight of the rhLF was determined by matrixassisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry using the Voyager-DE STR Biospectrometry (Applied Biosystems).
Antibacterial activity assay
Bacillus subtilis ATCC6633 was used to investigate the antibacterial activity of rice rhLF. A single colony of B. subtilis ATCC6633 was cultured in the basal medium HST (10 g/l Tryptone, 40 g/l NaCl, pH 7.0) at 37°C in a shaker-incubator overnight. Midlogarithmic phase cells were used by inoculating HST with growing bacteria for additional incubation at 37°C to achieve an optical density of 1 × 10 6 colony-forming units (CFU)/ml. To examine the effect of rice rhLF on the growth of Bacillus subtilis ATCC6633, 100 µl of culture was added to each well on a 96-microtiterplate and supplemented with 100 µg of total protein from non-transgenic or transgenic rice expressing rhLF. Bacterial growth was determined by monitoring the optical density of the cultures at 595 nm every 2 h. The viability of B. subtilis was checked after 12 h by plate count determination. Each series was prepared in triplicate and plated onto agar plates for the determination of colony-forming units after 12 h incubation at 37°C.
Localization of recombinant hLF
In order to determine the distribution of the rhLF in transgenic rice seed, we examined its localization by immunological tissue printing, in-situ western analysis and immunofluorescence microscopy. In-situ western analysis was carried out according to the method described by Qu et al. (2003) and immunological tissue printing was performed according to the method of Vasconcelos et al. (2003) . For the immunofluorescence microscopy studies, immature rice seeds were harvested at 21 days after pollination (DAP). Seeds were cross-sectioned with a Microslicer ® DTK-1000 (Dosaka EM Co. LTD) to a thickness of approximately 200 µm. Sections were immediately fixed in a freshly prepared 3.7% formaldehyde solution in PBS for 1 h followed by washing three times in PBS. The sections were then incubated for 3 min at 37°C in a cell wall digestion solution (1% cellulase, 0.1% pectolyase Y-23 in PBS), followed by a 15-min permeabilization step in PBS containing 0.1% Triton X-100. Subsequently, the sections were blocked in PBS containing 1% BSA and 0.01% Triton X-100 for at least 1 h at room temperature and treated with the primary antibody in the blocking buffer for 3 h at room temperature or overnight at 4°C. Anti-hLF primary antibody was used at a dilution of 1/200. After primary antibody incubation, the sections were washed three times in PBS. The sections were then incubated with secondary antibody in blocking buffer for 2-3 h at room temperature. Alexa 488-conjugated anti-rabbit IgG secondary antibody (Molecular Probes) was used at 1/300 dilution, followed by washing three times in PBS. Rhodamine B hexyl ester staining of fixed sections was carried out at a concentration 0.5 µg/ml in PBS for 30 min followed by washing three times in PBS. The sections were mounted on microscope slides in PBS containing 50% glycerol and antifade reagent (SlowFade TM Antifade Kit, Molecular Probes). Confocal microscopy was carried out on a Radiance2100 laser scanning confocal microscope (Bio-Rad) using the fluorescein and rhodamine filter sets. Image processing was performed using Adobe Photoshop or Microsoft Photo Editor.
Results
Expression of rhLF in transgenic Javanica rice cv. Rojolele
In the present study, the expression of recombinant hLF (rhLF) with the constitutive maize ubiquitin-1 promoter was examined in the transgenic rice plants obtained by Agrobacterium-mediated transformation. The hLF gene was fused to the DNA sequence encoding either the native hLF signal peptide (construct pIG211) or the rice glutelin signal peptide (construct pIG200), as depicted in Figure 1 . The characteristics of rhLF with the hLF signal peptide were compared to those of rhLF with the rice glutelin signal peptide. Fifteen independent transgenic lines of IG200R (Rojolele rice transformed with pIG200) and 20 independent transgenic lines of IG211R (Rojolele rice transformed with pIG211) were analyzed for the hLF expression using ELISA, as described in Materials and Methods. In the vegetative tissues of the transgenic plants, the rhLF was expressed at a low level, typically less than 0.8% of the total soluble protein (data not shown). Compared to the rhLF expression in vegetative tissues, we observed that the expression levels of rhLF significantly increased in the seeds. The rhLF expression in the T 1 seeds of these transgenic lines is shown in Figure 2 . Four individual T 1 seeds of each line were analyzed by ELISA and the values are given. The rhLF content was calculated in terms of µg/g DW of dehusked seeds. A large variation in the rhLF expression level occurred among the transgenic lines. We suggested that the variations in the rhLF contents among transgenic lines carrying the same construct might be caused by several factors, including the transgene integration site in the rice genome, transgene copy number, and epigenetic silencing mechanisms. We found that the highest level of rhLF expression with the rice glutelin signal peptide was 2.0 mg/g DW of dehusked seeds, while the expression level of rhLF with the hLF signal peptide was 1.6 mg/g DW of dehusked seeds.
Western blot analysis with a primary antibody against hLF revealed that the recombinant protein from transgenic plants was immunologically related to hLF. When protein extracts from non-transgenic rice endosperm were analyzed by the same methods, protein was not detected at the same position by SDS-PAGE (lane 2, Fig. 3A ) and there was no detectable immunological reaction with the hLF antibody in western blot analysis (lane 2, Fig. 3B ). To confirm the effect of the constitutive maize ubiquitin-1 promoter, recombinant protein was extracted from the callus, root and leaf of a transgenic line IG200R-10, in addition to mature seed and subjected to western analysis. The expression of rhLF was detected in various tissues of the transgenic plant. However, these tissues showed differences in their expression levels, reflected in the differential intensity in SDS-PAGE with CBB staining as well as western blot analysis (Fig. 3C-D) . Moreover, the presence of the rhLF in 4-day germinating seeds revealed the stable maintenance of the protein within the plant cells during germination. 
Purification of rice rhLF and analysis
The recombinant hLF from either IG200R or IG211R transgenic rice seeds was purified by cation-exchange chromatography. As shown in Figure 4A -B, CBB staining and western blot analysis demonstrated that the molecular weight of rhLF was slightly smaller than that of native hLF. The molecular weight of the rhLF was analyzed by MALDI-TOF mass spectrometry. The results showed that the molecular weight of rhLF was 77801 Da, while the molecular weight of native hLF was 79827 Da. In order to examine the cleavage site of the in vivo proteolytic processing of rhLF fusion, the first nine amino acids of the N-terminal sequences of the rhLF produced in both IG200R and IG211R plants were determined. N-terminal amino acid sequences of the rhLF from rice seeds corresponded to GRRRRSVQW, which is identical to those of the native LF from human milk for both constructs. This suggests that the hLF molecules were correctly processed, regardless of whether the native hLF signal peptide or the glutelin signal peptide was used in the recombinant construct. Namely, the junction between the signal peptide and mature hLF was recognized and cleaved, exposing the correct N-terminal amino acid residue. This result suggests that processing of the amino acid sequence of the hLF precursor in plant cells was identical with that in mammalian cells.
Stable transgene inheritance and expression of rhLF in transgenic rice
The first generation (T 0 ) of hygromycin-resistant regenerated rice plants was subjected to Southern blot analysis using the entire hLF cDNA clone as a probe (Fig. 5B) . Transgenic lines carrying either pIG200 or pIG211 contained one to three copies of the hLF gene (Fig. 5A) . The patterns varied from plant to plant, confirming that each had arisen from independent transformation events. To determine the stability of the hLF transgene in each line, PCR and Southern blot analysis were conducted for the lines IG200R-8, -10, -14 and IG211R-7, -18, -22, using leaf materials from T 0 and T 1 plants. These lines display multiple transgene copy numbers and variable insertion patterns. All the tested T 1 plants showed that the hLF copy number from each line was identical with that of the corresponding T 0 generation (data not shown). All the hybridized fragments were transmitted from T 0 to T 1 generation, indicating the stable inheritance of the hLF gene through two consecutive generations.
To evaluate the stability of the hLF gene expression under the control of a constitutive promoter over generations, we carried out further analysis using the three transgenic lines for each construct, as described above. The stability of the rhLF expression across generations was examined using ELISA. The rhLF expression level varied not only among independent transgenic lines but also among individual seeds within each transgenic line. The rhLF expression levels in the T 1 seeds were almost identical with those in the T 2 seeds for the same transgenic line (data not shown) except for transgenic line IG200R-8. The rhLF protein level measured in the T 2 seeds of IG200R-8 increased 2-fold compared to the level in the T 1 seeds, with rhLF accounting for 22% of the total soluble protein (TSP). In 5 out of the 6 T 1 progenies analyzed, a 3 : 1 ratio for hLF expression was observed (Table 1) , indicating the presence of the hLF gene at a single locus.
More extensive analysis was carried out on multiple clones of the T 1 transgenic lines (IG200R-8-1 and IG211R-7-2). These lines were chosen based on the ELISA results showing a high level of rhLF and were grown for two more generations. Southern blot analysis of these lines showed that a single T-DNA copy (IG200R-8-1) and two copies (IG211R-7-2) were integrated into the genome. These copies were transmitted from T 0 to T 2 generation and stable 1) The copy number in the T 0 generation was determined by Southern blot analysis with a hLF probe.
2) The number of loci was determined by the rhLF expression ratio that gives the smallest χ 2 values.
inheritance of the hLF gene was observed through three consecutive generations. The transgene copy number and the relative position of transgene insertion in the plant genome (position effects) may be the factors that affect the level of transgene expression (Christou 1996) . A simple integration pattern and low copy number of the transgene were used to minimize the probability of undesired gene disruption at the insertion site (Birch 1997) .
Antibacterial activity assay
A high level of rhLF expression was detectable in the transgenic endosperm. The biological activity of rice recombinant hLF was assessed by the antibacterial assay. The antibacterial effect of recombinant hLF was tested against Bacillus subtilis ATCC6633 at a concentration of 1 × 10 6 CFU/ml. In the non-transgenic control samples, B. subtilis reached a value of 1 × 10 8 CFU/ml after 12 h of incubation at 37°C, while in B. subtilis with rhLF reached the value was only 1 × 10 7 CFU/ml. Thus, the protein extracts from the transgenic rice seeds expressing rhLF exerted an inhibitory effect on the growth of Bacillus subtilis ATCC6633 (Fig. 6 ). In the presence of protein extracts expressing rhLF, the growth inhibition of B. subtilis ATCC6633 was observed at 10 h of culture. This result supported the hypothesis that lactoferrin exhibited an antibacterial activity. Bellamy et al. (1992) reported that the antibacterial activity of lactoferrin was lower than that of a LF-derived peptide lactoferricin.
Localization of recombinant hLF
Immunological tissue printing was carried out to determine the distribution of rhLF in the endosperm of rice seeds. Immunolocalization of rhLF by pressing longitudinally and transversely cut seeds into a nitrocellulose membrane and detection with specific antibody failed to reveal any coloration in the seeds that were not transformed with hLF, while transgenic seeds with blue staining indicated the presence of rhLF in both aleurone and the endosperm (Fig. 7A) . Figure 7B shows the in-situ western analysis of the rhLF in the transgenic rice grains indicated by blue staining. Non-transgenic rice seed did not show any detectable color reaction. The blue color was detected in both the aleurone layer and whole grains, including the endosperm of transgenic rice grains. In addition, the expression of rhLF was more intense in the outer portion of the endosperm. The expression of the rhLF gene controlled by the constitutive promoter in transgenic rice seeds revealed by this method was similar to that revealed by immunological tissue printing but was much clearer.
To better understand the distribution of rhLF in the transgenic rice endosperm, we examined the subcellular localization of rhLF in mid-developing rice endosperm cells by immunofluorescence microscopy. Endosperm sections (200 µm) were incubated with anti-hLF antiserum, and then double-labeled with Alexa Fluor 488 conjugated with the secondary antibody and Rhodamine B hexyl ester to visualize the rhLF and the prolamine PBs simultaneously. Figure 7C shows the double labeling of the endosperm cells demonstrating the relative subcellular position of prolamine PBs and rhLF. Prolamine PBs (1-2 µm in diameter) were visualized by staining the sections with rhodamine hexyl ester (Fig. 7C-b, e) . The rhLF accumulated in the intracellular and intercellular regions of the endosperm cells (Fig. 7C-d) . Large blackened voids corresponded to developing starch grains. Double labeling for rhLF (stained with Alexa fluor 488, green) and the prolamine PBs (stained with rhodamine B hexyl ester, red) revealed a close physical relationship between rhLF and prolamine PBs (Fig. 7C-f ).
Discussion
We have produced transgenic rice accumulating rhLF using two different signal peptides, the native signal peptide from human lactoferrin (IG211) and the signal peptide from rice glutelin (IG200) under the control of the maize ubiquitin-1 promoter obtained by Agrobacterium-mediated transformation. This promoter has been shown to be constitutive in rice, conferring high-level transgene expression in all the tissues including the endosperm (Stöger et al. 1999) . The introduction of hLF cDNA into rice, under the control of this promoter, was therefore an appropriate strategy for the production of transgenic plants expressing recombinant hLF in both vegetative tissues and seeds. In addition, the riceglutelin signal peptide was used to achieve a high expression level of an introduced gene product in transgenic plants. The objective of the present study was to further characterize transgenic rice expressing rhLF in order to obtain information to improve the nutrition quality of rice seed proteins. Human lactoferrin is considered to exert many biological functions and should therefore, markedly enhance the nutritional quality of rice, if the characteristics of rice rhLF could be identified and its biological functions determined. In a previous study, it was reported that the seed-specific GluB-1 promoter with the hLF signal sequence could express rhLF specifically in seeds at a concentration of 0.5 g/kg polished rice (Anzai et al. 2000) . Nandi et al. (2002) reported that rhLF was expressed in rice under the control of the rice glutelin1 promoter and signal sequence. They demonstrated that the expression levels ranged from 0.5 to 5 g per kg dehusked seeds. In addition, the expression of rhLF in transgenic tobacco leaf under the control of the CaMV 35S promoter with the sporamin signal sequence was less than 0.3% of the total soluble protein (Salmon et al. 1998) . To date, however, there are no reports on the hLF constitutive expression in rice. To investigate the effect of the constitutive promoter on the hLF expression in transgenic rice, we transformed rice with the hLF cDNA fused to a DNA sequence encoding either the native hLF signal peptide (construct pIG211) or the rice glutelin signal peptide (construct pIG200) under the control of the maize ubiquitin-1 promoter. RhLF expression under the control of the constitutive maize ubiquitin-1 promoter significantly increased in the seeds, but not in the vegetative tissues of the transgenic plants. The rhLF was produced in rice seeds at levels exceeding 15% of the total soluble protein. In the vegetative tissues of transgenic plants, these proteins are expressed at low levels, typically less than 0.8% of the total soluble protein. This low level of expression was probably due to the fact that recombinant proteins synthesized in vegetative tissues are sensitive to protease degradation. Stöger et al. (1999) showed that GUS activity was higher in seeds than in leaves, when gusA was driven by the maize ubiquitin-1 promoter. Horvath et al. (2000) reported that only small amounts of recombinant proteins are present in vegetative tissues, presumably due to the synthesis of recombinant protein in cytosol. The deposition in cytosol might result in increased sensitivity to proteolytic degradation.
Our results revealed that the highest expression level of rhLF with the rice glutelin signal peptide was 2.0 g/kg DW of dehusked seeds, while the expression level of rhLF with the hLF signal peptide was 1.6 g/kg DW of dehusked seeds. The differences in the rhLF expression level between IG200R and IG211R might be related to the effect of the signal peptide used in the expression construct. We therefore suggested that the use of the signal peptide would be important to locate rhLF in the storage protein body of endosperm transgenic rice seeds. In several studies, it was reported that the use of a signal peptide could increase the recombinant protein expression (Horvath et al. 2000 , Ma et al. 2003 . In addition, the signal peptide was used to transport the recombinant protein through the endoplasmic reticulum and was targeted to storage vacuoles in the endosperm (Herman and Larkins 1999 , Philip et al. 2001 , Ma et al. 2003 , Twyman et al. 2003 . It was assumed that the increased expression with the signal peptide was due to the deposition of recombinant protein in the protein bodies. Recombinant protein would then be protected from protease digestion by the membrane of the storage-protein body and may accumulate.
Analysis of the N-terminal amino acid of the rhLF revealed that the amino acid sequences of the two constructs were identical with that of native human lactoferrin, suggesting that the processing of the amino acid sequence in plant cells is identical with that in mammalian cells. Recombinant hLF in transgenic rice showed a slightly smaller molecular weight than that of native hLF. We assumed that the size difference between rice rhLF and native LF from human milk might be due to the modification of the sugar chain or glycosylation. Spik and Theisen (2000) suggested that the difference in molecular weight between recombinant hLF and native hLF might be associated with the carbohydrate moiety, either the polypeptide chain or the glycan moiety. The difference in the protein size could be ascribed to the fact that the plant protein is not phosphorylated or is incompletely phosphorylated (Herman and Larkins 1999) .
Since the subcellular localization of a protein plays a crucial role in its function, it is therefore essential to characterize the expressed proteins in detail. Few transgenic proteins have been analyzed in detail for their subcellular localization. Chikwamba et al. (2003) reported that a heatlabile enterotoxin LT-B was located in the starch granules of transgenic maize kernel. Human lysozyme produced in rice has been located in the endosperm of transgenic rice. The human lysozyme and storage proteins existed in type-II protein bodies (Yang et al. 2003) . In addition, Wrigth et al. (2001) reported that a recombinant protein, glycoprotein B of human cytomegalovirus was targeted to protein storage vacuoles (PSVs) in tobacco seeds using the rice glutelin3 promoter and the glutelin signal sequences. Using laser scanning confocal microscopy, we demonstrated that rhLF was located in both the intracellular and intercellular regions of rice endosperm cells. Recombinant rhLF signals are visible surrounding the prolamine PBs. The rhLF is present in large quantities and is distributed almost to the periphery of the prolamine PBs. It appears that rhLF is synthesized on the endoplasmic reticulum (ER) and accumulated in the endoplasmic reticulum lumen. Two rhLF constructs containing either the native hLF signal peptide or the rice glutelin signal peptide showed a similar localization pattern of rhLF in transgenic rice seeds. However, the targeting pathway related to the use of signal peptides has not yet been elucidated in detail.
The expression of rhLF in rice seeds could contribute to the production of a nutraceutical food for non-breast fed infants as well as for children and adults. Rice is generally regarded as safe (GRAS) for consumption and rice-based foods are considered to be hypoallergenic. In many countries, rice is the first solid additional food for infants and rice-based infant formulas are commercially available. The accumulation of recombinant hLF in seeds enables longterm storage at ambient temperature because the proteins accumulate in a stable form. Moreover, lactoferrin displays antifungal and antiparasitic activities. Therefore fungal and parasitic contamination during seed collection and storage could possibly be reduced.
